We report the results of an optical-optical double resonance experiment to determine the NaK 3 1 ⌸ state potential energy curve. In the first step, a narrow band cw dye laser (PUMP) is tuned to line center of a particular 2(A) 1 ⌺ ϩ (vЈ, JЈ) 4 1(X) 1 ⌺ ϩ (vЉ, JЉ) transition, and its frequency is then fixed. A second narrowband tunable cw Ti:Sapphirelaser (PROBE) is then scanned, while 3 1 ⌸ 3 1(X) 1 ⌺ ϩ violet fluorescence is monitored. The Doppler-free signals accurately map the 3 1 ⌸(v, J) ro-vibrational energy levels. These energy levels are then fit to a Dunham expansion to provide a set of molecular constants. The Dunham constants, in turn, are used to construct an RKR potential curve. Resolved 3 1 ⌸(v, J) 3 1(X) 1 ⌺ ϩ (vЉ, JЉ) fluorescence scans are also recorded with both PUMP and PROBE laser frequencies fixed. Comparison between observed and calculated Franck-Condon factors is used to determine the absolute vibrational numbering of the 3 1 ⌸ state levels and to determine the variation of the 3 1 ⌸ 3 1(X) 1 ⌺ ϩ transitiondipole moment with internuclear separation. The recent theoretical calculation of the NaK 3 1 ⌸ state potential reported by Magnier and Millié (1996, Phys. Rev. A 54, 204) is in excellent agreement with the present experimental RKR curve.
We report the results of an optical-optical double resonance experiment to determine the NaK 3 1 ⌸ state potential energy curve. In the first step, a narrow band cw dye laser (PUMP) is tuned to line center of a particular 2(A) 1 ⌺ ϩ (vЈ, JЈ) 4 1(X) 1 ⌺ ϩ (vЉ, JЉ) transition, and its frequency is then fixed. A second narrowband tunable cw Ti:Sapphirelaser (PROBE) is then scanned, while 3 1 ⌸ 3 1(X) 1 ⌺ ϩ violet fluorescence is monitored. The Doppler-free signals accurately map the 3 1 ⌸(v, J) ro-vibrational energy levels. These energy levels are then fit to a Dunham expansion to provide a set of molecular constants. The Dunham constants, in turn, are used to construct an RKR potential curve. 
I. INTRODUCTION
One photon absorption spectra involving transitions between two electronic states of alkali diatomic molecules are extremely complicated due to small vibration and rotation constants and the fact that many ground state rovibrational levels are thermally populated at the temperatures necessary to produce a sufficient vapor pressure. The complexity of the spectra is greatly reduced by the use of the optical-optical double resonance (OODR) technique. In OODR, the first laser (PUMP) is used to populate one ro-vibrational level of an intermediate electronic state. The second laser (PROBE) is then used to excite these molecules to a higher electronic state. Absorption of the PROBE photon can be monitored by detecting direct fluorescence from the upper level (1) (2) (3) (4) , fluorescence from nearby levels of the same or another electronic state populated by collisions (5-9), fluorescence from atomic levels populated by predissociation or collisonal energy transfer (4), ions produced by photoionization or various collisional mechanisms involving the upper level (2, 9 -13) , or rotations of the PROBE laser polarization (14 -15) . Because only one ro-vibrational level is used as a starting point for this PROBE step, the spectra consist of very simple patterns which allow easy identification of the electronic states involved, as well as the determination of molecular constants. In the case of homonuclear molecules, the OODR technique allows access to states of the same gerade/ ungerade ( g/u) parity as the ground state. In a variation of this technique, called perturbation-facilitated opticaloptical double resonance (PFOODR), mutually perturbed (mixed) singlet-triplet intermediate levels allow access to higher spin-triplet states (16) .
In a recent work (4), we have used the OODR technique to study the 6 1 ⌺ ϩ state of the heteronuclear alkali molecule NaK. In this experiment, the PUMP laser was used to excite specific 2( A)
(vЈ, JЈ) levels were then excited further using the PROBE laser tuned to various
and ⌬J ϭ 0, Ϯ1 for ⌸ £ ⌺ transitions, the pattern of double lines allowed the easy identification of the upper state as a ⌺ ϩ state. During the course of these measurements, a few sets of triple lines were also observed. Since the presence of strong Q (⌬J ϭ 0) lines, in addition to R and P (⌬J ϭ Ϯ1) lines, implies that ⌬⌳ ϭ 1, it is clear that these triple lines are associated with transitions to a 1 ⌸ state (17) . We have now carried out detailed studies of this 1 ⌸ state (which has now been identified as the 3 1 ⌸ state, dissociating to the Na(3S 1/ 2 ) ϩ K(3D 3/ 2 ) separated atom limit), and these results are reported in the present manuscript. This manuscript is organized as follows. Section II describes the experimental setup and procedure. Our analysis and results for the 3 1 ⌸ state molecular constants, RKR curve, and the
transition Franck-Condon factors are presented in Section III. Section IV compares the present experimental results with recent theoretical calculations.
II. EXPERIMENTAL
The experimental setup is shown in Fig. 1 . The sodiumpotassium mixture is contained in a crossed heat-pipe oven (at a temperature in the range 357-402°C) using argon as a buffer gas (P ϭ 0.4-1.2 Torr). A single-mode ring dye laser (Coherent model 699-29), using LD700 dye and pumped by a 5 W krypton ion laser, is used as the PUMP laser to excite specific 2( A) 1 
The two laser beams counterpropagate through the heat-pipe oven, producing Doppler-free lines of approximately 60 -180 MHz linewidth. The PUMP laser frequency is set to line center of a particular 2( A)
transition by monitoring total A 3 X band fluorescence, emitted at right angles to the laser propagation axis, with a free-standing photomultiplier tube (Hamamatsu R406, 400 -1100 nm S-1 response) equipped with a 700 -1000 nm interference filter ("PMT Ϫ total A band" in Fig. 1 ). The PROBE laser is then scanned and absorption of PROBE laser photons is monitored by detecting 3 fluorescence is monitored using a second free-standing PMT (Hamamatsu R928, spectral response 185-900 nm) equipped with a set of three interference filters designed to transmit light in the range 353-462 nm ("PMT Ϫ total violet" in Fig. 1 ).
Removal of a mirror from the fluorescence path on the right-hand side of the heat pipe in Fig. 1 allows resolved 3 1 ⌸ 3 1(X) 1 ⌺ ϩ fluorescence scans to be obtained with a 0.5-m monochromator equipped with another PMT. These resolved fluorescence scans are taken with both lasers fixed to the centers of their respective transitions, and signals recorded with the "total violet" PMT are used to correct relative resolved peak intensities for small frequency drifts associated with either laser. Examples of such resolved scans are shown in Figs. 2a and 2b for an e and f parity 3 1 ⌸ level, respectively.
In all cases, the PUMP laser beam was chopped and lock-in detection techniques were employed. A removable mirror in the violet fluorescence path allows light from a calibrated tungsten-halogen white light source to be trans- mitted through the heat-pipe oven to the monochromator, to calibrate the relative detection system efficiency versus wavelength (18) . Since the fluorescence is partially polarized, the polarization dependence of the detection system efficiency must be taken into account (19) . The wavemeter of the PUMP laser was calibrated by recording iodine laser-induced fluorescence and comparing line positions to those given in the iodine atlas (20) . The wavemeter of the PROBE laser was calibrated with optogalvanic signals from neon transitions in a hollowcathode lamp. Energies of 3 1 ⌸ state ro-vibrational levels, obtained in this manner, are considered accurate to ϳ0.02 cm Ϫ 1 . 
III. ANALYSIS AND RESULTS

When
where the y i,k constants describe the ⌳ doubling of the 1 ⌸ state ( y i,k ϭ 0 for k ϭ 0) and ␦ ϭ 0 or 1 for the f and e parity levels, respectively (21-23). (Alternatively, one can use the convention ␦ ϭ Ϫ1 for f and ␦ ϭ ϩ1 for e levels (24 -25) .) The molecular constants obtained from a fit to our 3 1 ⌸ state data (26) are listed in Table 2 . In the present work, experimental uncertainties proved to be too large to allow assignment of ⌳-doubling constants. The higher order coefficients that were included in the fit are necessary to improve the agreement between measured and calculated intensities (see below). A comparison between the experimental energy levels and those calculated from the fitted molecular constants is given in Table 1 . The experimental molecular constants can be used to construct an RKR potential curve using standard computer programs (27) (28) . RKR turning points obtained in this manner for the NaK 3 1 ⌸ state are listed in Table 3 and are plotted in Fig. 3 .
Finally, the 3 1 ⌸ state RKR curve can be used to calculate Franck-Condon factors for various 3 (27, 29) . For these calculations, the ground state constants of Ref. (30) 
Here N v,J is the number of molecules in the upper level, S J,JЉ is the Hö nl-London factor (17) , and M e (R) ϭ
͘ is the electronic transition dipole moment with respect to the Born-Oppenheimer wavefunctions 3 1 ⌸ (R) and 1 1 ⌺ ϩ(R) (which depend parametrically on R). If it is assumed that the electronic transition dipole moment does not vary appreciably with R, then the dipole moment can be removed from the integral and this expression reduces to
where ͉͐ v,J vЉ,JЉ dR͉ 2 is the Franck-Condon factor. Thus we can compare experimental 3 1 ⌸ 3 1 1 ⌺ ϩ relative intensities with calculated Franck-Condon factors multiplied by 4 . To improve the quality of the comparison, the experimental relative intensities are also corrected for the relative detection system efficiency (obtained as described in sec. II using the calibrated tungsten-halogen white lamp). They are also divided by the total violet band fluorescence intensity, which is continuously monitored during the resolved fluorescence scans, to correct for small laser frequency drifts. Figure 4 shows this comparison for a few selected 3 1 ⌸ ro-vibrational levels. In each case, the calculated intensities are normalized to the experimental intensities at the maximum experimental intensity peak. Here it can be seen that the node positions are reproduced with reasonable accuracy. However, it is apparent that the calculations do not predict the observed reduction of intensity with increasing wavelength. This failure is due to the assumption that the dipole moment is constant with internuclear separation. In fact, the transition dipole moment is expected to decrease with increasing internuclear separation since the molecular emission (at small R) is fully allowed, while the asymptotic atomic transition, Na(3S) ϩ K(3D) 3 Na(3S) ϩ K(4S) (at R 3 ϱ), is dipole forbidden. We attempted to fit the calculated intensities to the experimental intensities with Eq. [2] using a dipole moment that varies linearly with R; i.e., M e ͑R͒ ϭ m 0 ϩ m 1 ͑R Ϫ R eq ͒, [4] where R eq ϭ 4.4761 Å is the equilibrium separation of the 3 1 ⌸ state. Although this produced much better agreement than the Condon approximation, M e (R) ϭ constant, it became clear that a more complicated function was needed. Using the computer program LEVEL 6.0 (29) , it is straightforward to expand the dipole moment function in either powers of R or powers of R Ϫ2 . In the end, we found that good agreement between the calculated and experimental intensities could be obtained by using a function of the form
with p 2 /p 1 ϭ Ϫ76.3 (Å) 2 , p 3 /p 1 ϭ 2157 (Å) 4 , p 4 /p 1 ϭ Ϫ24 300 (Å) 6 , and p 5 /p 1 ϭ 97 850 (Å) 8 , or alternatively
Ϫ3 , and m 4 /m 0 ϭ Ϫ0.01267 (Å) Ϫ4 . These parameters were determined by trial and error while attempting to minimize the weighted mean-squared residuals. Figure 5 shows a comparison of the experimental intensities with those calculated using Eq. [5] in Eq. [2] . These results should be contrasted with those shown in Fig. 4 , where M e (R) ϭ constant was assumed. Again, only relative intensities can be compared, so the experimental and theoretical intensities have been normalized in each case at the highest intensity peak. The relative transition dipole moment determined in this manner is plotted in Fig. 6 and should be considered to be valid for internuclear separations in the range R ϭ 3.4-6.6 Å. It should be noted that the functional forms for M e (R) given in Eqs. [5] and [6] are not physical and simply provide convenient analytic expressions to represent the transition dipole moment over the range of R values accessed by this experiment. From a physical standpoint, Eq. [5] for the dipole moment may be preferable since it goes to zero at large internuclear separation as the true dipole moment function must. However, we warn against extrapolation using either expression beyond the range plotted in Fig. 6 since our experiment provides no information beyond this range.
IV. DISCUSSION
Stevens et al. (31) have calculated all NaK potentials up to the Na(3S) ϩ K(3D) dissociation limit and ⌬ states corresponding to the Na(3S) ϩ K(4S) and Na(4P) ϩ K(4P) limits using full-valence configuration interaction computations with effective core potentials. More recently, Magnier and Millié (32) used pseudopotential methods to calculate potentials up to the Na(3P) ϩ K(4P) limit. The theoretical 3 1 ⌸ potential curves from these two studies are compared to the present experimental potential in Fig. 3 . The theoretical molecular constants of Ref. (32) are also listed in Table 2 in comparison to the present experimental values. It can be seen that very good agreement exists between the present experimental results and recent theoretical calculations for this NaK 3 1 ⌸ state. Earlier we found good agreement between our experimental results for the NaK 6 1 ⌺ ϩ state (4) and the calculations of Magnier and Millié (32) . Thus it appears that the theoretical NaK potentials of Magnier and Millié are of very high quality, even for relatively highlying electronic states. High-quality experimental and theoretical potential curves in this energy range will likely be important for future NaK cold atom photoassociation experiments.
The present results can also be used to test theoretical dipole moment functions for the NaK 3 1 ⌸ 3 1(X) 1 ⌺ ϩ band as they 4 , p 4 /p 1 ϭ Ϫ24 300 (Å) 6 , and p 5 /p 1 ϭ 97 850 (Å) 8 . Experimental and calculated values are normalized to each other at the highest intensity peak.
become available. Figure 6 compares the experimental dipole moment determined in the present work with one early calculation (33) . Although the calculation reproduces the basic trend that the dipole moment decreases with R, it is clear that the calculated slope is much too small. We hope that the current measurements will motivate new calculations of this dipole moment in the near future.
